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Edited by Stuart FergusonAbstract One of the functions associated with the oral strep-
tococcal surface protein I/II is to bind to human extracellular
matrix molecules or blood components, which could act as
opportunistic ligands in pathological circumstances. In order to
understand the relative speciﬁcity of the binding repertoire of this
bacterial adhesin, we examined by infrared measurements the
mode of binding of the protein I/II from Streptococcus mutans
OMZ175 (I/IIf) to ﬁbronectin and ﬁbrinogen. This approach
revealed the b-structure forming capacity of I/IIf upon interac-
tion with both proteins. The forming of intermolecular
b-structures may provide a non-selective way of interaction
between I/IIf and its possible targets.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Adhesion of oral streptococcal species to dental surfaces
and oral mucosal cells represents the initial step in host
colonization by these species. Subsequent opportunistic in-
troduction of the bacteria through the circulation allows
dissemination to extra-oral sites via interaction of these
streptococci with extracellular matrix molecules or blood
components which function as cell receptors for these bac-
teria [1–5]. This adhesion proﬁle could be critical in the
development of diseases such as infective endocarditis and
bacteremia in neutrogenic patients [6–8]. Much interest has
been focused on the antigen I/II family polypeptides ex-
pressed at the cell surface of oral streptococci [9]. Antigens
I/II are multifunctional adhesins that exert diverse binding
activities, i.e., with salivary glycoproteins [10], host cell re-
ceptors [11–14] and soluble extracellular matrix glycoprotein
[15,16]. For example, invasion of dentinal tubules by oral
streptococci is associated with collagen recognition mediated
by antigen I/II polypeptide, leading to dissemination of the
bacteria and expression of its cariogenic phenotype [17]. In
addition, the immunomodulatory eﬀects of the antigen on
human cells may be associated with inﬂammatory disorders
[13,18,19].* Corresponding author. Fax: +36-62-433133.
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doi:10.1016/j.febslet.2004.04.029Despite some species speciﬁcity, proteins I/II display a high
degree of conserved structural features. Based on sequence
analyses, these proteins may be divided into three main do-
mains: an N-terminal domain (400 residues) containing the
alanine-rich A-region (320 residues), a central domain in-
cluding the V-region (360 residues) and a C-terminal domain
(700 residues) containing a proline-rich P-region (180 resi-
dues). Circular dichroic spectra suggest that the A-region is
highly a-helical [20]. The crystal structure of the V-region re-
vealed a distorted b-sandwich [21] and the P-region, assumed
to have a b-sheet structure, seems to be important for the
proper folding of the protein [22].
In order to understand the diversity and the relative speci-
ﬁcity of the binding repertoire of these streptococcal adhesins,
we examined the mode of binding of a representative of the
antigen I/II family, the protein I/II from Streptococcus mutans
OMZ175 (I/IIf), to ﬁbronectin and ﬁbrinogen, and explored
the relationship between conformational changes and binding
activity, using Fourier transform infrared spectroscopy.2. Materials and methods
2.1. Protein preparation
I/IIf was prepared, as previously described [23], from cellular ex-
tracts from Escherichia coli HB 101 transformed with the recombinant
plasmid pHBsr-1 carrying the gene of protein I/IIf, by ammonium
sulfate precipitation followed by immunoaﬃnity chromatography on
an anti-protein I/IIf IgG Sepharose column. The puriﬁed protein was
lyophilized together with its buﬀer solution for later use. Fibrinogen
(Fib) and Fibronectin (Nec) were purchased in lyophilized form from
Sigma.
2.2. Infrared measurements
Infrared spectra were recorded on Bruker (Karlsruhe, Germany)
Equinox 55, or IFS66 Fourier transform infrared spectrometers in the
ATR mode, using liquid nitrogen cooled MCT detectors, trapezoid or
cylindrical ZnSe crystals. Proteins were adsorbed from a circulating
solution onto the crystal surface. The progress of the adsorption was
monitored by recording infrared spectra as a function of time. The
adsorption having been completed, buﬀer solution was circulated in
the ATR cell to remove any non-bound protein. When needed, a
second, third, etc., layer of another protein was adsorbed onto the
surface. The buﬀer was 10 mM PBS in D2O, prepared from PBS
pastilles (Sigma). Thus, the pH of the buﬀer was 6.6. For each inter-
ferogram, 1024 scans were collected at 2 cm1 spectral resolutions.
Spectra were calculated between 4000 and 900 cm1. Single-beam
spectra were recorded at each step of the architecture construction.
Absorption spectra were calculated by taking the corresponding single
beam spectrum either as background or as sample spectrum. All post-
run manipulations and the analysis of the infrared spectra wereblished by Elsevier B.V. All rights reserved.
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At the concentrations needed for transmission infrared
measurements (5–10 mg/ml), I/IIf – due to its inherent aggre-
gating character [9] – was aggregated and showed no reactivity
toward other proteins. This problem was overcome by the use
of attenuated total reﬂection infrared spectroscopy (ATR-IR) ,
where proteins were adsorbed onto the surface of an internal
reﬂection element from a very dilute (50 lg/ml) solution where
there was no aggregation. In addition, the diﬀerent proteins
could be delivered separately and the interfacial conditions
would advantageously mimic in vivo situations where proteins
bound to their respective cell receptors interact with bacterial
cell walls.
The 1700–1600 cm1 amide I region of the infrared spectra
of I/IIf, ﬁbrinogen, and ﬁbronectin is given in Fig. 1 when
adsorbed either directly onto the surface of the ZnSe ATR
crystal, or onto the surface of another, earlier adsorbed pro-
tein. While minor distortions cannot be excluded upon ad-
sorption in the protein structures, the spectra taken from
proteins adsorbed directly onto the ZnSe crystal were consid-
ered as references, references in the sense that no hetero-
protein interaction could be involved in these spectra.
According to the particularities of the ATR-IR spectroscopy,
the absorption spectrum of a newly adsorbed compound is
calculated from single beam spectra recorded before and after
its adsorption. Thus, the obtained absorption spectrum will
reﬂect two aspects of a protein-protein interaction: (i) the
magnitude of the absorption will be characteristic for the af-
ﬁnity between the two proteins in general, and (ii) the changes
in the amide I region of the infrared spectrum upon protein–
protein interaction when compared with the amide I region of
the non-interacting protein can reveal the nature of the inter-
action between the proteins.Frequency (cm  )-1
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Fig. 1. Amide I regions of the infrared absorption spectra of (A)
protein I/IIf when adsorbed onto ZnSe crystal or onto previously
adsorbed ﬁbrinogen or ﬁbronectin ﬁlms; (B) ﬁbrinogen on ZnSe or
adsorbed onto a protein I/IIf ﬁlm; (C) ﬁbronectin on ZnSe or adsorbed
onto a protein I/IIf ﬁlm.3.1. The aﬃnity between I/IIf and its possible partners
As compared to the adsorption of protein I/IIf onto the
ZnSe crystal, less I/IIf is adsorbed onto the surface of either the
ﬁbrinogen- or the ﬁbronectin-covered crystal (Fig. 1A). Only
about half amount of I/IIf was adsorbed onto ﬁbrinogen and a
further half onto ﬁbronectin. The amount of protein I/IIf
further decreased when it was administered onto a second ﬁ-
brinogen layer (Fig. 1A).
For making conclusions about the aﬃnity of protein I/IIf to
matrix proteins, one has to investigate the aﬃnity of those
matrix proteins toward each other as well. The interaction
between adsorbed ﬁbrinogen and ﬁbronectin turned out to be
asymmetric. The amounts of ﬁbrinogen and ﬁbronectin ad-
sorbed onto the ZnSe crystal are somewhat diﬀerent (Fig. 2A).
This is not asymmetry in itself as the nature of the proteins
(charges, hydrophobicity of the surface of the molecules, etc.)
can be diﬀerent in such extent. The asymmetry appears when
the second protein is adsorbed onto the layer of the ﬁrst one
(Fig. 2A). While considerable amount of ﬁbrinogen is ad-
sorbed onto the ﬁbronectin, hardly any ﬁbronectin adsorbs
onto the ﬁbrinogen ﬁlm (Fig. 2A).
It seems that the ZnSe–ﬁbrinogen interaction involves such
parts of the ﬁbrinogen molecules that would be needed laterfor ﬁbronectin binding as well. In contrast, the interaction
between ﬁbronectin and the ZnSe crystal leaves enough at-
tracting surface free on the ﬁbronectin to bind the ﬁbrinogen
molecules later. This situation is sharply diﬀerent from the
interactions of ﬁbrinogen/ﬁbronectin with protein I/IIf, where
both proteins adsorbed roughly in equal amounts onto the ﬁlm
I/IIf
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Fig. 3. Normalized infrared absorption spectra of (A) protein I/IIf on
ZnSe crystal or on previously adsorbed ﬁbrinogen or ﬁbronectin ﬁlms;
(B) ﬁbrinogen on ZnSe or on a I/IIf ﬁlm; (C) ﬁbronectin on ZnSe or
adsorbed onto a I/IIf ﬁlm. Thicker lines indicate diﬀerence spectra as
described in the panels by bold face and belong to the right axes.
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Fig. 2. Infrared absorption spectra of ﬁbrinogen (—), ﬁbrinogen on
ﬁbronectin ( ), ﬁbronectin (    ) and ﬁbronectin on ﬁbrin-
ogen (      ) (A); the normalized amide I regions of the spectra
shown in the upper panel (B).
192 L. Kelemen et al. / FEBS Letters 566 (2004) 190–194of protein I/IIf (Figs. 1B and C). That means that the nature of
interaction between I/IIf and its partners is very similar, re-
gardless of the partner molecule, and this interaction is
markedly diﬀerent from that of between the partner molecules.
3.2. Structural changes upon I/IIf–matrix protein interactions
To learn more about the nature of the diﬀerent types of
interactions between these proteins, the second aspect of the
infrared absorption spectra, i.e., the changes in the amide I
region, should also be investigated. For this purpose, to better
see the diﬀerences, the amide I regions have been normalized.
The structural alterations caused by the adsorption in ﬁbrin-
ogen and in ﬁbronectin are shown in Fig. 2B. It can be seen
that the structure of ﬁbrinogen in not changing upon ad-
sorption onto a ﬁbronectin ﬁlm (see curves Fib and Fib/Nec).
As it was indicated by the diﬀerences in the adsorbed amounts
of the two proteins, the structure of ﬁbronectin is indeed dif-
ferent from that of the ﬁbrinogen (compare curves Fib and
Nec in Fig. 2B). This is in agreement with published infraredspectra that indicated higher amount of b-structure elements in
ﬁbronectin than in ﬁbrinogen [24]. Fibronectin was suﬀering a
minor structural change upon adsorption onto ﬁbrinogen,
which is diﬃcult to interpret conﬁdently due to the very small
amount adsorbed (see curve Nec/Fib in Fig. 2A). Nevertheless,
it can be said that the b-structure content does not increase in
ﬁbronectin upon being adsorbed onto ﬁbrinogen.
The situation is diﬀerent when comparing the structure of
protein I/IIf in diﬀerent architectures. Both the shape and the
L. Kelemen et al. / FEBS Letters 566 (2004) 190–194 193frequency of the amide I band of I/IIf is changing upon its
adsorption either onto ﬁbrinogen or ﬁbronectin (Fig. 3A).
These changes are the results of increasing b-structure content
at around 1618 cm1 at the expense of other structural ele-
ments. If, by adding a second bilayer, an I/IIf–Fib– I/IIf– Fib–
ZnSe architecture is constructed, the structure of the termi-
nating I/IIf will further deviate from the non-interacting I/IIf
structure. In its amide I band, the twin bands at around 1618
and 1680 cm1 clearly appear, being characteristic of inter-
molecular b-structures (Fig. 3A).
If the order of the proteins was opposite, i.e., ﬁbrinogen
(Fig. 3B) or ﬁbronectin (Fig. 3C) was adsorbed onto protein I/
IIf, the same kind of increase of b-structure elements could be
observed. In the light of the very limited structural changes
induced mutually in each other’s structure by ﬁbrinogen and
ﬁbronectin (Fig. 2B), the increases in the b-structure content
can be accounted for changes mostly in protein I/IIf.
In general, from the infrared spectra, a detailed analysis of
the secondary structure of a protein can be given. In our case,
however, since we cannot assign the observed structural
changes to a speciﬁc protein, only to the whole assembly, such
a quantitative analysis would give no protein-speciﬁc infor-
mation. The adsorption-induced structural changes can be
better seen in diﬀerence spectra, which always exhibit the
overall changes of the assembly. Diﬀerences were calculated
for each protein between being adsorbed onto the given multi-
protein architecture and onto the ‘bare’ ZnSe crystal. These
diﬀerence spectra are depicted with thicker lines in Figs. 3A–C.
The dominance of a positive diﬀerence band at around 1618
cm1 is characteristic for each protein–protein interaction-
induced structural change. On this basis, we believe that the
primary consequence of the interaction between I/IIf and its
target proteins is the formation of intermolecular b-structures.
Changes in the other parts of the amide I region are probably
the ‘side eﬀects’ of the intermolecular b-structure formation,
and these side eﬀects can be of course protein-speciﬁc.4. Discussion
Comparison of the structural changes induced upon the
interaction of the protein I/IIf with ﬁbrinogen or ﬁbronectin
and the changes induced upon ﬁbrinogen–ﬁbronectin inter-
action revealed that mostly intermolecular b-structure is
formed between the proteins. This b-structure forming is
predominantly the capacity of protein I/IIf. When adsorbed
onto the surface of the ZnSe internal reﬂection element of
the ATR-IR sample holder, I/IIf has roughly equal aﬃnity
toward ﬁbrinogen and ﬁbronectin. These two proteins,
however, have asymmetric aﬃnity toward each other. Ad-
sorbed ﬁbronectin is able to bind much more ﬁbrinogen as
compared to the opposite order, since adsorbed ﬁbrinogen
hardly binds any ﬁbronectin. Also, the magnitudes of the
structural changes in ﬁbrinogen and in ﬁbronectin are neg-
ligible or very small when they are adsorbed onto the other
protein. Putting together these data, it seems that the pro-
tein I/IIf has a ‘‘soft’’ structure, which is making contact
with other proteins by forming intermolecular b-structures, a
structure that is generally formed between proteins only at
elevated temperatures, during heat-denaturing. This b-struc-
ture forming capacity could provide a non-selective way ofinteraction between I/IIf and its possible targets. The ability
of I/IIf to bind diverse host molecules, arming the oppor-
tunistic pathogen with a universal, sticky protein, suggests
that it contains versatile structural motifs. This is consistent
with structural data that described a ﬂexibility of the mol-
ecule via linkers between the central domain of the molecule
and the N-terminal and the C-terminal domains, respectively
[21]. Indeed, the crystal structure of the central domain of
the protein I/IIf revealed the presence of a structural kink
acting as a hinge between the N-terminal alanine-rich do-
main and the central domain. From this hinge, conforma-
tional changes would propagate from one domain of the
protein to another, which may result in versatility of adhe-
sion motifs. From a physiological point of view, this feature
of the protein I/II would explain in part the mode of host
colonization by Streptococcus mutans and also would qualify
the opportunistic character of these streptococci.
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